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An Artificially layered perovskite composed of antiferroelectric PbZrO3 and paraelectric BaZrO3
(BZO) was fabricated on LaNiO3/Pt/Ti/SiO2/Si substrates at 475 °C by radio-frequency magnetron
sputtering. It had an (001)-oriented superlattice structure with an average composition of
sPb0.75Ba0.25dZrO3 (PBZ). X-ray diffraction, cross-sectional transmission electron microscopy, and a
depth profile of a secondary-ion mass spectrometer confirmed the formation of superlattice structure
with designed composition modulation. Ferroelectricity was induced in the superlattice films, and
the ferroelectric as well as the dielectric properties were enhanced with reducing the stacking
periodicity. The remanent polarization Pr and coercive field Ec were found linearly dependent on the
applied voltage but independent of the measurement temperature up to 100 °C. The retention loss of
superlattice films was small and significantly less than that of sPb1−xBaxdZrO3 (PBZ) solid-solution
films either at room temperature or 100 °C. The dielectric constant of the superlattice films was also
found insensitive to temperature up to 175 °C, but not for the PBZ solid-solution film, which
exhibited a clear dielectric maximum at the Curie temperature of 125 °C. Moreover, a significant
suppression of leakage current down to 10−8–10−9 A/cm2 was obtained in the superlattice films
constructed with the wide-bandgap sublayer of BZO. © 2005 American Institute of Physics.
[DOI: 10.1063/1.1846133]
I. INTRODUCTION
Perovskite oxide thin films are attractive for application
in advanced microelectronics devices such as ferroelectrics
in nonvolatile memories and dielectrics in dynamic random
access memories.1 For the former application, most attention
has been on two systems: PbsZr1−xTixdO3 (PZT) and layered
perovskites, such as SrBi2Ta2O9 (SBT).2 The PZT possesses
a superior property of high remanent polarization.3,4 How-
ever, the high content of oxygen vacancy in PZT, which is
easy to entrap at the ferroelectric/electrode interface during
polarization reversals, degrades its device lifetime and
reliability.5 In contrast, SBT6,7 and other layered perovskites
usually have an advantageous property of high resistance
against polarization fatigue due to the presence of a stable
SrTaO3 sublayer in the structure, which has a high formation
energy of oxygen vacancy and can block the oxygen migra-
tion toward the electrodes.8 However, unlike the simple per-
ovskite materials, such as PZT, a higher processing tempera-
ture s^600 °Cd is often required to crystallize the layered
perovskite films,9 which is detrimental for complementary
metal-oxide-semiconductor compatibility and especially for
the fabrication of embedded nonvolatile random access
memories.10
The sPb1−xBaxdZrO3 (PBZ) with x=0.2–,0.4 is another
ferroelectric material having a simple perovskite structure,
which is a solid solution of antiferroelectric [PbZrO3 (PZO)]
and paraelectric [BaZrO3 (BZO)] oxides.11 The PBZ film has
an improved property of resistance against polarization fa-
tigue due to its less content of oxygen vacancies.12 However,
an incorporation of Pb4+ ions into the B-site of the perovskite
lattice was found in the preparation of PBZ films, which
made the films quite leaky.13 The ferroelectric superlattice is
constructed with alternating layers of different perovskites
coherently grown on each other, which can be considered as
an artificial layer-perovskite. Anomalous properties different
from those of ordinary ferroelectric films can be sometimes
obtained from the superlattice structure due to the modifica-
tion of perovskite lattice by interfacial strain.14–17 Since
BZO, one of the constituents of PBZ, is a stoichiometrically
stable perovskite oxide with a wide bandgap,18 it could act as
a barrier for oxygen vacancy migration and electron transport
in the artificial PZO/BZO superlattice. Furthermore, as both
PZO and BZO are simple perovskites, a low processing tem-
perature can be used in fabrication of ferroelectric capacitors
with such an artificially layered perovskite structure. There-
fore, a series of artificial PZO/BZO superlattices with highly
(001) preferred orientation was fabricated and studied in this
work.
II. EXPERIMENTAL DETAILS
The PZO and BZO layers with a fixed thickness ratio of
3 /1, which corresponds to an average composition of
sPb0.75Ba0.25dZrO3, were alternately deposited on highly
(001)-oriented LaNiO3 (LNO) electrode.19 The LNO elec-
trode was coated on a Pt/Ti/SiO2/Si substrate by rf magne-
tron sputtering at 350 °C, and it was adopted for reducing the
crystallization temperature of the perovskite oxide films.20–22
The deposition of PZO and BZO was carried out at 475 °C
by rf magnetron sputtering in an argon/oxygen (10%) ambi-
ent of 5 mTorr. Different stacking periodicities of PZO/BZOa)Electronic mail: tbwu@mse.nthu.edu.tw
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in the range from 1.5 nm/0.5 nm to 12 nm/4 nm were
adopted. The total thickness of the resulting films was
,120 nm. For a comparison, a solid-solution PBZ film of
the same composition and thickness was also prepared.
X-ray diffraction (XRD) with Cu Ka radiation was carried
out to identify the crystalline structure of the films. High-
resolution transmission electron microscopy (HRTEM) was
employed to observe the cross-sectional structure of the su-
perlattice. Additionally, the composition depth profile was
examined with the secondary-ion mass spectrometer (SIMS).
To measure the electrical properties, a Pt top electrode was
deposited onto the films. Ferroelectric properties, including
polarization-electric field (P-E) hysteresis and retention test,
were measured at temperatures ranging from room tempera-
ture to 175 °C with a RT66A test system (Radiant Technol-
ogy), operating in the virtual ground mode. The dielectric
property at the aforementioned temperatures was also exam-
ined with HP4192 at the frequencies of 1 kHz and 1 MHz.
The leakage-current characteristic was measured at RT with
an HP4140B pA meter/dc voltage source.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the XRD patterns of the PBZ and the
artificially layered PZO/BZO films. All the films have the
same strong (001)-oriented structure as that of the LNO elec-
trode due to the lattice-coherent growth of the films on
LNO.20–22 The formation of a superlattice structure was iden-
tified from the appearance of satellite peaks around the main
diffraction peak of the PZO/BZO films. The stacking period-
icity calculated from the satellite peak intervals agrees, in
general, with the designed value. It is also noticed that the
satellite peaks gradually became indistinct with decreasing
the stacking periodicity, indicating the presence of composi-
tion intermixing at the interfaces between PZO and BZO.23
The change of lattice parameter c evaluated from the main
diffraction peak position of the superlattice films is shown in
Fig. 1(b). It increases with the decrease of stacking period-
icity, and all the films have larger lattice spacing in the nor-
mal direction (c axis) than that of the PBZ solid-solution
film. The result is similar to that of the BTO/STO superlat-
tice, which has been attributed to the in-plane coherency
strain induced from the larger lattice mismatch between the
heteroepitaxial layers in the superlattice.14,15 The composi-
tion modulation obtained from the SIMS depth profile of a
PZO/BZO film shown in Fig. 2 also reveals the high periodic
uniformity in intensity and pitch of the repetitive layers.
The superlattice structure was then examined by
HRTEM. Figure 3(a) displays the cross-sectional image of a
fPZOs6 nmd /BZOs2 nmdg15 multilayer on LNO electrode.
The stacking periodicity calculated from the image is consis-
tent with the designed value. The contrast of PZO layers
appears more obscure than that of the BZO layers and the
layers are distinctly separated from each other. The differ-
FIG. 1. (a) XRD patterns, and (b) the change in the mean c-axis parameter
as a function of stacking periodicity of the PZO/BZO superlattices.
FIG. 2. The SIMS depth profile of fPZOs6 nmd /BZOs2 nmdg15/LNO film.
FIG. 3. (a) The cross-sectional image, (b) lattice image, and (c) electron
diffraction pattern of fPZOs6 nmd /BZOs2 nmdg15 superlattice.
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ence in contrast is possibly caused by a stronger diffraction
of the Pb atoms in comparison to the Ba atoms. The lattice
image of the PZO/BZO stacks was further obtained and
shown in Fig. 3(b). A clear coherency of lattice between the
sublayers could be observed, which confirms the pseudomor-
phic growth in the artificially layered structure. A selected-
area electron diffraction (SAED) pattern taken from the area
including both PZO and BZO layers is shown in Fig. 3(c),
which was recorded with the electron-beam direction parallel
to the [110] zone axis of the LNO substrate. The shape of
diffraction spots is identified to be a superposition of [001]-
zone SAED patterns of tetragonal PbZrO3 and cubic
BaZrO3. Additionally, it indicates that a axes and b axes of
tetragonal PbZrO3 lie in the plane of the interface, and that
the c axis is parallel to the growth direction.
All the PZO/BZO superlattice films exhibit ferroelectric
characteristic as that of the PBZ film, although it is sup-
pressed with increasing the stacking periodicity, as observed
from the P-E hysteresis curves shown in Fig. 4(a). The
change of remanent polarization Pr and coercive field Ec
with respect to the applied voltage are depicted in Fig. 4(b).
It is interesting to see that both Pr and Ec values increase
linearly from zero axes with the applied voltage for all the
superlattice films. This “linear” characteristic of ferroelec-
tricity is different from the nonlinear relation normally ob-
served with the ferroelectric films, such as that of PBZ films
shown in the same figure. The results from high-temperature
measurement further reveal ferroelectric characteristics of
the PZO/BZO superlattice different from that of PBZ solid-
solution film. As illustrated in Fig. 5, the same linearity [Fig.
5(a)] with temperature-independent Pr and Ec values [Fig.
5(b)] can be observed for the PZO/BZO superlattice upon
raising the temperature up to 100 °C, but the values of PBZ
film decreased by , 15%. However, the low-voltage ferro-
electricity of the superlattices became gradually lost upon
increasing temperature over 100 °C, observed by the result
of PZO(1.5 nm)/BZO(0.5 nm) shown in Fig. 6. It should be
pointed out that the P-E hysteresis curves obtained under
applied voltage above 10 V were quite lossy at temperatures
ø150 °C due to the large increase of leakage current, which
distorted the measured Pr and Ec values, and thus, they are
not included in the figure. A similar but worse result of lossy
ferroelectricity was observed from the PBZ film at tempera-
tures ø125 °C.
The P-E hysteresis behavior of ferroelectric materials is
related to the reorientation of spontaneous polarization (or its
domains) by an applied electric field. It takes place rapidly at
the coercive field, and slows down while approaching the
saturation state with increasing the applied field, giving rise
to the normally observed nonlinear increase of remanent po-
larization with respect the applied voltage. Moreover, the
reorientation of polarization or the domain alignment would
be disturbed by thermal agitation, causing the decrease of Pr
and Ec values with increasing the measurement temperature,
which is the typical polarization relaxation behavior in nor-
mal ferroelectric material.24,25 Therefore, the linear and
temperature-independent characteristics of ferroelectricity
observed here in the PZO/BZO superlattice film are unusual.
They must be related to the constraint of PZO structure from
the BZO sublayers with respect to lattice coherency. For an
antiferroelectric material of PZO, the ferroelectric phase can
be induced by electric or mechanical stress,26,27 and in the
PZO/BZO superlattice, the in-plane coherency strain brought
from the BZO sublayer with a larger lattice has apparently
caused the transition of PZO layers from antiferroelectric
into ferroelectric state, providing the ferroelectricity of the
superlattice. On the other hand, the paraelectric layer of BZO
would also act as a constraint against the reversal of sponta-
neous polarization in the ferroelectric layer of PZO, as dis-
cussed in the following.
For an applied voltage, Va, in the layered structure of
FIG. 4. (a) P-E hysteresis loops and (b) change of remanent polarization Pr
and coercive field Ec with respect to the applied voltage, on the PBZ and
PZO/BZO superlattice films having different stacking periodicities and mea-
sured at RT.
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PZO/BZO, the electrostatic energy E, gained from dielectric
polarization and spontaneous polarization reversal can be ex-
pressed as
E = 1/2sCpVp
2 + CfVf
2d − PfVf , s1d
where Cp, Vp and Cf, Vf are the capacitance and voltage
components of the paraelectric layer (BZO) and ferroelectric
layer (PZO), respectively, and Pf is the amount of polariza-
tion reversal in the ferroelectric layer. Since Vp+Vf =Va, and
CpVp=CfVf + Pf, an equilibrium state of polarization switch-
ing can be achieved at the condition of s]E /]PfdVa =0, which
gives the constraint of polarization reversal, Pf
e
, in the ferro-
electric layer before reaching the saturation state:
Pf
e
= 1/3CpVa. s2d
It is interesting to see that the constrained polarization Pf
e is
linearly proportional to the applied voltage, and determined
by the capacitance of paraelectric layer Cp. For a stable
paraelectric material of BZO, its permittivity is insensitive to
temperature, and, from Eq. (2), the constrained polarization
will be also insensitive to temperature. Therefore, the linear
and temperature-independent characteristics of ferroelectric-
ity in the PZO/BZO superlattices can be realized, since the
Pr and Ec values are related to the preservation and elimina-
tion of the constrained polarization, respectively.
Figure 7 shows the retention characteristics of PBZ and
PZO (1.5 nm)/BZO (0.5 nm) superlattice films measured at
RT and 100 °C. The test was performed under write and read
voltages of 16 V. As shown in the figure, the remanent po-
larization in PBZ and superlattice films decreased with in-
creasing the retention time up to 23104 s. The degradation
of polarization in PBZ film is ,30% at RT and significantly
increases to ,52% at 100 °C. However, that of superlattice
film is only ,12% at RT and increases slightly to ,16% at
100 °C. The polarization loss in retention is usually attrib-
uted to the depolarization field induced from space charges.28
The space-charged layers at the metal/ferroelectric interface
are formed from the segregation of oxygen vacancies, which
cause the increase of depolarization field, resulting in an in-
crease of polarization loss.29 The segregation of oxygen va-
cancies would be accelerated at high temperature and, thus,
significantly enhance the degradation of polarization in the
PBZ films. However, the polarization degradation in the ar-
FIG. 5. (a) The voltage dependence of remanent polarization Pr and coer-
cive field Ec at 100 °C relative to those measured at 16 V and RT, and (b) the
change of Pr and Ec values against measurement temperature at 16 V of
applied voltage.
FIG. 6. The change of remanent polarization Pr and coercive field Ec in the
PZO (1.5 nm)/BZO(0.5 nm) film measured at temperatures above 100 °C, as
a function of applied voltage.
FIG. 7. Retention characteristics of PZO(1.5 nm)/BZO(0.5 nm) superlattice
and PBZ films measured at RT and 100 °C.
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tificial PZO/BZO superlattice is comparable to that of
SrBi2Ta2O9 layered perovskite film, which has a stable
SrTaO3 sublayer to block oxygen migration toward the
electrodes.8 The stable BZO layer in the superlattices obvi-
ously has a similar effect on blocking the migration of oxy-
gen vacancies and, thereby, leads to the good retention prop-
erty.
The superlattice films also have dielectric characteristics
different from that of PBZ solid-solution films. Figure 8
shows the change of dielectric constant of PBZ film and
superlattices having different periodicities upon raising the
measurement temperature from RT to 175 °C at frequencies
of 1 kHz and 1 MHz. It can be seen that the superlattice films
have a higher dielectric constant with decreasing the stacking
periodicity, and all the films have an insignificant frequency
dependence of dielectricity. The enhancement of dielectric
property in association with the expansion of c-axis lattice
spacing observed previously in the superlattice films is un-
doubtedly related to the lattice softening induced by the in-
plane coherency strain between the heteroepitaxial layers of
PZO and BZO with reducing the stacking periodicity.14,15 It
is also interesting to notice that the dielectric constant of
PBZ film greatly increases with raising the measurement
temperature before reaching the maximum at the Curie tem-
perature of transition from ferroelectric to paraelectric phase
in sPb0.75Ba0.25dZrO3, i.e., ,125 °C,30 but that of superlattice
films changes only insignificantly, with an indistinct maxi-
mum at temperature around 100–,125 °C.
In normal ferroelectric materials, the dielectric constant
drastically increases when approaching the Curie tempera-
ture due to the softening of lattice in relation to the structural
change in phase transition between ferroelectric and
paraelectric. Such a temperature dependence of dielectric
constant was indeed observed in the PBZ, but not in the
superlattice films. This temperature insensitivity of dielectric
constant can also be realized by the constraint against struc-
tural change in the PZO layer from the paraelectric layer of
BZO to maintain the lattice coherency. In other words, the
incorporation of the BZO sublayer in the PZO/BZO super-
lattice not only induces the ferroelectric phase but also sta-
bilizes the corresponding structure against thermal agitation.
As for the indistinct dielectric maximum observed in Fig. 8,
it is probably due in part to the relaxation of constrained
structure in the region near the incoherent interface with the
Pt electrode, which may also explain the loss of low-voltage
ferroelectricity at temperatures beyond 100 °C, as observed
previously in Fig. 6.
The characteristic of current density J versus electric
field E in the PZO/BZO superlattices and that of the PBZ
film are also shown in Fig. 9. All the superlattice films are
highly insulating with leakage current of 10−8–
,10−9 A/cm2 at a field of 300 kV/cm, which is significantly
lower not only than that of PBZ but also that of PZT31 or
SBT,32 although it increases, in general, with decreasing the
BZO sublayer thickness. The result clearly exhibits another
advantage of constructing the ferroelectric superlattice with a
wide-bandgap BZO sublayer in order to suppress the leakage
current.
IV. CONCLUSIONS
An artificially layered perovskite of PZO/BZO was pre-
pared, which had an (001)-oriented superlattice structure
consisting of antiferroelectric PZO and paraelectric BZO su-
blayers with an average composition of sPb0.75Ba0.25dZrO3,
and which was grown on the LNO/Pt/Ti/SiO2/Si substrates at
475 °C by rf magnetron sputtering. The XRD and HRTEM
confirmed the formation of superlattice structure with de-
signed composition modulation. It was found that the de-
crease of stacking periodicity would increase the mean c-axis
parameter of the superlattice and would thus lead to an en-
hancement of dielectric and ferroelectric properties. A linear
increase of remanent polarization Pr and coercive field Ec
against applied voltage was found in the superlattice films,
but not in the PBZ solid-solution film. This “linear” ferro-
electricity is independent of measured temperature up to
100 °C. The retention of ferroelectric property was also
greatly improved in the superlattice films, either that at RT or
at 100 °C. The superlattice films show a temperature-
insensitive dielectricity, which is very different from that of
FIG. 8. The dielectric constant of PBZ and superlattice films measured at
frequency of 1 kHz and 1 MHz and temperatures from RT to 175 °C.
FIG. 9. Leakage-current characteristics of the PBZ and PZO/BZO superlat-
tice films.
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the PBZ films. A model of constrained polarization was pro-
posed to explain the observed linear and temperature-
independent characteristics of the PZO/BZO superlattices.
Moreover, the leakage current was significantly suppressed
in the superlattice films constructed with the wide-bandgap
sublayer of BZO.
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